Abstract. During September/October 1991, NASA's Global Tropospheric Experiment (GTE) conducted an airborne field measurement program (PEM-West A) in the troposphere over the western Pacific Ocean. In this paper we describe and use the relative abundance of the combustion products C2H 2 and CO to classify air masses encountered during PEM-West A based on the degree that these tracers were processed by the combined effects of photochemical reactions and dynamical mixing (termed the degree of atmospheric processing). A large number of trace compounds (e.g., C2H6, C3H8, C6H6, NOy, and 03) are found to be well correlated with the degree of atmospheric processing that is reflected by changes in the ratio of C2H2/CO over the range of values from --0.3 to 2.0 (parts per trillion volume) C2H2/(parts per billion volume) CO. This C2H2/CObased classification scheme is compared to model simulations and to two independent classification schemes based on air mass back-trajectory analyses and lidar profiles of 03 and aerosols. In general, these schemes agree well, and in combination they suggest that the functional dependence that other observed species exhibit with respect to the C2H2/CO atmospheric processing scale can be used to study the origin, sources, and sinks of trace species and to derive several important findings. First, the degree of atmospheric processing is found to be dominated by dilution associated with atmospheric mixing, which is found to primarily occur through the vertical mixing of relatively recent emissions of surface layer trace species. Photochemical reactions play their major role by influencing the background concentrations of trace species that are entrained during the mixing (i.e., dilution) process. Second, a significant noncontinental source(s) of NO (and NOx) in the free troposphere is evident. In particular, the enhanced NO mixing ratios that were observed in convected air masses are attributed to either emissions from lightning or the rapid recycling of NOy compounds. Third, nonsoluble trace species emitted in the continental boundary layer, such as CO and hydrocarbons, are vertically transported to the upper troposphere as efficiently as they are to the midtroposphere. In addition, the mixing ratios of CO and hydrocarbons in the upper troposphere over the western Pacific may reflect a significant contribution from northern hemisphere land areas other than Asia. Finally, we believe that these results can be valuable for the quantitative evaluation of the vertical transport processes that are usually parameterized in models.
investigate the fraction that various air mass categories contribute to the make up of the total tropospheric cohmm over these regions. Our goal in this paper is to use a chemically based air mass segregation scheme and investi-gate its ability to form a link between these other classification schemes and to provide a means of gaining additional insights into the factors that control the chemical composition over the western Pacific.
In this paper we will first examine in section 2 the chemical constitution of various air masses in relation to a scale that is defined by the relative abundance of the combustion products ethyne (C2H2) and CO. The relationship between this pair of compounds is then used in section 3 as a surrogate ordinate for exanfining the filnctional dependence of other trace gases relative to the degree that the atmosphere has processed emissions from combustion sources. These functional dependencies are examined in sections 4 and 5 for the relationships relative to air masses classified by isentropic back-trajectory and O3/aerosol lidar analyses. The internal consistency between the chemically and trajectory-based schemes is tested in section 6 followed by a discussion of scientific issues that can be addressed by combining these three different air mass classification techniques. To explore the possibility of extending their work to the larger spatial scale of the western Pacific basin (defined here as the western tropical and northwestern midlatitude Pacific and adjacent continental regions), we will need to examine NMHC compounds that have atmospheric lifetimes longer than n-C4H•0. Propane (C3Hs) and ethane (C2H,) are both compounds with longer lifetimes that also have similar biogenic and anthropogenic sources and both tindergo photochenfical loss via H-atom abstraction when reacting with OH and as such are possible candidates for examining larger spatial scale atmospheric processes. Similarly, the combustion products C2H 2 and CO represent a pair of compounds that have common primary anthropogenic sources and a common sink via loss due to O-atom addition upon reaction with OH. The reaction rates for these compounds vary somewhat as a filnction of temperattire and pressure over the altitudes sampled during PEM-West A [Demore et al., 1992] . The dependence on temperature is less for O-atom addition reactions than for H-atom abstraction reactions, but they (the O-atom addition reactions) are ternary reactions and therefore pressure dependent. However, these dependencies are modest for most tropospheric conditions (< _+ 1.5-fold from typical 500-mbar conditions). Based simply on the ratio of chemical lifetimes (i.e., k2H2/kco ,• 3 and k3Hs/k•H 6 '• 5), sinfilar behaviors •night be predicted as these pairs of compounds are photochenfically processed following their input into the atmosphere. In this case, where atmospheric transport is ignored, a shnple conunon photochenfical processing timescale can be derived based on these compound reactions with OH, which can be expressed as zXt= Co/ C OHl ( ) where C o and Ct represent the concentration of the compound of interest at some initial time (0) and at some time later (t), and kc is the compound's reaction rate coefficient with OH. This photochenfical processing time concept can be extended in an attempt to remove the effects of shnple dilution with pure air by using the relative behavior of two compounds with sinfilar sources and sinks, where for the compounds C2H 2 and CO,
Description of a Chemically Based
This pair of compounds has yielded usefid information about the relative degrees to which different air masses have been processed within the atmosphere overlying remote regions [e.g., Sandholm et al., 1992] . Over the western Pacific the mixing ratios of C2H • and C3H8 were correlated with the observed ratio C2H2/CO (Figures 2a and 2b) as might be expected based on the relative photochemical processing time relationship described above. Even though these data display a high degree of correlation, there is a tendency toward nonlinearity at high and low values. The apparent plateau in C2H 6 and C3H 8 for mixing ratios of C2H2/CO larger than 1.5 (pptv/ppbv) is suggestive of the influence of variable source emission ratios of C2H, and C3H8 relative to those of C2H 2 and CO. The apparent plateau in mixing ratios below C2H2/CO values of about 0.5 (pptv/ppbv) suggests that some limiting value is reached that might represent the "background" mixing ratios for the region. For Call6 and C3H8 this lower linfit would imply that the western Pacific background mixing ratios during the PEM-West A period -,,/ere approximately 400 pptv and 18 pptv, respectively. The high degree of correlation that is displayed by the data in Figures 2a and 2b does suggest that common atmospheric processing mechanisms were operating on these compounds over the range of CaH2/CO ratios from about 0.5 to 1.5 pptv/ppbv. However, the above discussion also indicates that we must take into account that instead of 
Examination of Trace Gas Relationships With Respect to the C2H•/CO Ordinate
On the basis of the discussion above, the ratio of C2H2/CO appears to be a viable candidate for segregating air masses in relation to the relative degree to wlfich they have been atmospherically processed and impacted by combustion sources. To assess this possibility, we selected several key compounds for analysis with respect to ratios of C2H2/CO; these are depicted in The air that they classified as having been convectively pumpexl into the western Pacific troposphere is seen to generally fall into the two distinct categories identifiexl by the lidar-based groupings. The air characterizexl as continental convective outflow (C) has nfixing ratios that are consistent with those found in the trajectory-based classification of continental air masses. In particular, nfixing ratios of most compounds are shnilar to those found in the northem continental 2-to 4-day and the southern continental < 2-<lay classifications. Shnilarly, the convective outflow classification (O) also follows our expectations for air masses influenced by convection over the marine environment. On average, NMHC mixing ratios for tiffs classifica- 
Evaluation of the Consistency of Trajectory and Chemically Based Schemes
In contrast to the lidar-based scheme the air masses classified by the trajectory-based scheme are well segregated in the chemical space or coordinate system (i.e., C2H2/CO ) provided by the chemically based atmospheric processing scheme. The consistency displayed between these latter two schemes is not surprising if one recalls that the chenfically based scheme is designed to provide a ineasure of the degree of total atmospheric processing experienced by an air mass starting from the moment C2H2, CO, and other trace species are emittexl. Tlfis design should be well matched by the trajectory-based scheme, wlfich takes the Asian continent and the Pacific rhn countries as the reference point for an air mass origin. A valuable test of the consistency between the chemically basexl scheme for classifying air masses and the trajectory-based schelne is to colnpare the air mass travel time from land derived from the latter with the degree of atmospheric processing froln the former. To do tlfis, we need to express the degree of atmospheric processing, including photochenfical reactions anti nfixing in an equivalent pseudo-OH reaction thne as def'med in equation (2) Froln our earlier discussion it is obvious that both schemes give shorter thnes for continental air masses than for lnarine air masses. This is also true on a fmer scale; for example, the continental air masses with shorter travel tinges froin land (I and C in Table 1 and Figtires 7a-7h) also have shorter process thnes than those of the continental air masses with longer travel thnes (i and c in Table 1 and Figtires 7a-7h).
It is interesting to note that the sequence of the process time depends also on the latitude of the origin of the air mass, as indicated by the fact that air masses at higher latitudes tend to have shorter process tinges (or less atmospheric processing). Assunting a constant C2H2/CO vahle ha the enfissions, there are two likely factors that would contribute to tiffs phenomenon. One is that the atmospheric sink is smaller at lfigher latitudes due to smaller OH concentrations. It is also possible that air masses at lower latitudes tend to go through greater convective nfixing or dilution resulting in longer process times (or more atInospheric processing).
The second step of the test is to compare the vahles of travel tinge from land to the indicatexl process time. Since the process thne inchIdes the equivalent amount of OH reaction "time" due to dihltion (denoted dilution time herein after), it is expected to be greater than the travel thne and the difference between them is a measure of the degree of dilution.
From Table 1 Table 1 when their process times and dilution thnes are calculated starting from the time of enfissions. Although we fifily expect the process thne to be greater than the travel time from land, the prexlonfinant fYactional contribution of the dilution thne to the overall process tinge is surprising. to conchide that tlfis difference could be due to enfissions upwind of eastern Asia. During the period studiexl, the tipwind region was central and western Asia and Europe as the prevailing wind in the free troposphere was mostly westerlies near the western boundary of the model domain. Of course, the effects of boundaries can contribute significantly near areas where the wind is inward from the boundary. In fact, significant mnounts of the continental boundary layer tracer species that were observed in the upper troposphere during PEM-WA could owe their origins to regions far upwind of eastern Asia.
When we take the above discussion into account, we fmd evidence that the difference in calculated process times between two different air •nasses becomes more comparable to the differences between their travel times from land. For exmnple, the difference in mexlian process time between southern continental less than 2-day air masses (I) and southern continental 2-to 4-day air •nasses (i) is about 10 days; and the difference in median process tinge between northern continental less than 2-day air masses (C) and northern continental 2-to 4-day air •nasses (c) is only about 4 days. Both have relatively large tincertainties comparexl to the process thnes starting from enfissions because there is large variance in the C2H2/CO values of (C) and (I) air masses. The difference in process thne vah•e of 4 days between (C) and (c) is only about 2 times the travel tinge from land; that is, the latter is about equal to the dilution tinge. In this case, photochemical reactions during the travel time from land contribute approxin•ately as nmch as dilution to the trends in Figtires 7a-7d. Similar arguments can be made for other pairs of air mass types.
To answer the •nore general question of the dihltion tin•e's contribution to the process time, we can first exanfine points near the model's largest C2H2/CO vah•e (---2.6) which most likely crone from land areas that are relatively close to the points of observation. In other words, the travel times for these points from land should be relatively short. From Figtire 7b they can be dexlucexl to be less than 2 days, which is in agreement with the model esthnate. The corresponding process time for points with C2H2/CO of 2.6 is about 15 days. This means that dih•tion can contribute the equivalent of up to 13 days to the process thne. Furthermore, since the model's largest (C2H2/CO --•2.6) values have a short travel tinge, the dihltion must be prin•arily due to the entrainment of ambient air during the vertical transport of near-surface trace species to the free troposphere and for compounds with moderate to long lifetin]es (> 2 days). Photoche•nistry and horizontal transport processes contribute to the process tinge at a later stage.
These restilts clearly indicate that (1) dihltion or atmospheric mixing play a controlling role in determining the value of C2H2/CO; (2) trentIs of trace species relative to C2H2/CO , such as those displayed in Figtires 7a-7h, are prhnarily controlled by atmospheric mixing; and (3) for compounds less reactive than C6H6, photochenfical reactions during the travel tinge from land contribute only a nilnor part to the trends. Nevertheless, it is hnportant to recall the point made earlier, i.e., "although at•nospheric mixing itself is purely a physical process, the rate of dih•tion is proportional to the photochenfical sink because nfixing ratios of hydrocarbons in the background air are inversely proportional to their sinks." Without the sinks, atmospheric mixing would not yield any trend. Thus through atmospheric mixing, photochemical reactions do play a controlling role in determining the trends after all. Although this statement appears to contradict statement 3 above, this is not so because the term "reactions" here refers to those operative in the background air over its collective thne Iristory before the tinxe of observations, whereas the tern• "reactions" cited in the earlier statement refers to those operative only along 3x10: Figure 9 . Model-calculatexl •nixing ratio of C2H 6 versus the ratio C2H2/CO between 1.94 kan and 8.14 km. the air xnass trajectory between the time of enfission and the time of observations. The answer to why the atmospheric dilution is so dominant in the degree of atmospheric processing when the process time is calculated starting from enfissions but not when the difference in process thne is calculated between two types of air masses probably lies in the vertical nfixing process. After trace species are enfitted into the surface layer over land, they are transported vertically by turbulent mixing and convection, somethnes into the tYee troposphere. These vertical nfixing processes tend to be accompaniexl by entraimnent of a large quantity of eanbient air wlfich may contain a significant eanount of background air. As a restlit, there is substantial dilution during vertical mixing. After the trace species are transportexl into the free troposphere by vertical mixing, they are then usually transported horizontally by prevailing winds, which tend to be steady with comparatively little turbulence and hence far less dilution. Therefore the answer to the question is that most of the dilution occurs during the vertical nfixing early after emission.
The above comparisons can also be used to obtain vahmble information on the sources and sinks for a number of key species. Relatively straightforward conclusions can be drawn from Figtires 7a-7d with regard to the sources and sinks of CH4 and three nomnethane hydrocarbons (NMHC). Their consistent trends relative to C2H2/CO suggest the following: (1) major sources of CH 4 and the three NMHCs are located in the continental boundary layer (inchiding the Pacific rhn); (2) major sinks of these species are due to OH reactions; and (3) there is no significant oceanic source for these species. We have also made the san•e type of plots (not shown) for CO, C2He, CFCs, HCFCs, other NMHCs, and a number of model parmneters (e.g., 03 production and destruction rates). No major surprise is found except for CH3CC13 which shows little trend relative to C2H2/CO (I '2 = 0.1 for 2-7 kin; r 2 = 0.02 for > 7 lon). Since the litetinge of CH3CCI 3 against OH reaction is shorter than CH4, which does exhibit a clear relationship relative to C2H2/CO , its (CH3CCI3) lack of a trend nmst be due to a relatively small source in Asia comparexl to sources in other parts of the northern henrisphere. 
Summary
We have employexl a chenrically based air •nass classification scheme using the combustion products C2H 2 and CO as tracers of continental source emissions.
For the data taken during the 1991 PEM-West A program, the degree of atmospheric processing that reflects the combinexl effects of chenristry and nrixing appears to be well representexl by the measured ratio C2H2/CO. A large number of compounds having free tropospheric photochenrical lifethnes t¾om clays (e.g., NOx and C6H6) to years (CH4) were fBund to display similar tendencies with respect to the degree of atmospheric processing indicated by the ratio C2H2/CO. Comparison of the C2H2/CO-basexl atmospheric processing scheme with two other independent schemes, i.e., isentropic back-traj•tory-based scheme and lidar O• and aerosol-based scheme, for classifying air masses indicates that the C2H2/CO-based scheme is successfill in providing a consistent and meaning fid measure of the degree of atmospheric processing for the majority of the air masses classified by the latter two schemes. In addition, the C2H2/CO-basexl scheme appears to segregate between the chemical differences in air masses with greater than 10-day travel times from sources and for those modifiexl by convective events. The C2H2/CO-basexl scheme and the trajectorybasexl scheme are more compatible with each other than with 
